INTRODUCTION
Breast tumours bear all the hallmarks of multiple-gene alterations, where the sequence of events is poorly understood. The genome of breast cancer cells is, in general, unstable and is mostly classified as chromosome instability (CIN). The understanding of CIN in breast tumours is rather poor, but can be explained in a minority of tumours, i.e. in carriers of BRCA1 and BRCA2 mutations, due to an improper DNA repair mechanism (Ingvarsson 1998; Tirkkonen 1997) . The frequency of individual gene alterations in breast tumours is rather low, but several gene alterations have been detected. These are amplifications of oncogenes and mutations or other alterations in tumour suppressor genes (TSGs). Three of the chromosome regions that are amplified in breast tumours carry rather well characterized oncogenes; MYC, CCND1 (encoding cyclinD1) and HER2. The frequency of these amplifications is rather low, or 15-25%, respectively. The studies on HER2 amplification and Her2 overexpression are a good example of how information from molecular biology has been useful in therapeutics, as today specific antibodies against Her2 can be used for breast cancer treatment (Slamon 2001) . Even though TP53 is only mutated in about ¼ of breast tumours it is the gene that is most frequently mutated and germ-line mutations are linked to the Li-Fraumeni syndrome (LFS), where breast cancer is one of the diseases. Germ-line mutations in CHK2 can cause a phenotype similar to LFS and are considered to be low penetrance breast cancer sequence variants. Rare somatic mutations of CHK2 in breast tumours have also been described. In this review the focus will be on genomic instability and alterations of TSGs in breast cancer.
GENOMIC INSTABILITY
It has been known for some time that the genomes of breast cancer cells are unstable. This was originally based on flow cytometry, and the instability of the complete genome was scored as aneuploidy, which is detected in about 70% of breast cancers (Hedley 1987) . More recently, methods such as comparative genome hybridization (CGH), fluorescence in situ hybridization (FISH), chromosome painting and microsatellite marker analysis have been helpful in analysing genomic instability, and can be used to analyse the genome in part or whole (Tirkkonen 1997; Ingvarsson 1998; Sigurdsson 2000; Lingle 2002) .
Alterations at some chromosome regions are frequently detected in tumours with an unstable genome, while alterations at other chromosomes seem to be unrelated to genetic instability. One would expect that frequent losses at certain chromosome regions not associated with genetic instability to involve a TSG, a loss which gives growth advantage to the cell, resulting in clonal expansion. The situation is not as clear when losses at certain chromosome regions are associated with genetic instability. Loss at these chromosome regions could reflect the unstable nature of the breast cancer genome, and therefore these losses could serve as markers for genetic
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instability. This does not exclude the growth advantage of the breast tumour cells, due to TSG elision, being of importance for the clonal selection of these chromosomal losses.
In our studies, when analysing the association of LOH at one chromosome region to LOH at other loci, chromosomes 3p, 6q and 8p are the regions most frequently altered in tumours with an unstable genome (Table 1 ). In contrast, LOH at chromosome 16q is not associated to an unstable genome, even though this is the chromosome region most frequently altered in sporadic breast cancer (Table I, Skirnisdottir 1995) . Chromosome 16q LOH also differs from chromosomal losses associated with genome instability when compared to clinicopathological factors, i.e. while chromosome 3p, 6q and 8p losses are associated with aneuploidy, high S-phase and reduced patient survival, chromosome 16 LOH does not show this association and is in contrast associated with low S-phase and elevated patient survival (Bragadottir 1995; Eiriksdottir 1995a; Hansen 1998; Sigbjornsdottir 2000; Skirnisdottir 1995) . In addition, while LOH at 3p shows association with low estrogen receptor (ER) and progesterone receptor (PR) expression, LOH at 16q shows association with high PR (Eiriksdottir 1995a; Skirnisdottir 1995) . In general the genome is more stable in lobular than ductal breast cancer, with the exception of LOH at 16q, which is detected with higher LOH in lobular breast cancer (Huiping 1999a) . No definitive answer has yet been found to the question of whether LOH of 3p, 6q, 8q and some other chromosomes are only markers for genome instability or whether true TSGs of importance for malignant progression of breast cancer are located there. The 3p region is not only frequently altered in breast cancer but is among the most frequently lost regions in many types of cancer. However, it has been the most difficult region in which to find TSGs and it has been hypothesized that combined functional loss of several TSGs located at 3p contributes to tumour pathogenesis (Huebner 2001) .
The only gene localized and expressed at an fragile site in the genome and analysed to some extensity in relation to tumour growth is FHIT, located at the FRA3B. Its protein product is a diadenosine triphosphate hydrolase, and diadenosine is presumably important for cell growth and apoptosis (Barnes 1996 merely reflect the unstable nature of the fragile site in the breast tumour cell, but it is also possible that FHIT plays a tumour suppressor role. It may be questioned if the fragile sites in the genome are more sensitive to alterations in a BRCA1 and BRCA2 mutation background, due to the DNA repair role of Brca1 and Brca2. This could be part of the story, but not the only explanation. When comparing our LOH data from chromosomes that carry the most common fragile sites in the genome, FRA3B, FRA16D and FRA6E, only chromosomes 3p and 6q show elevated LOH in BRCA2 associated tumours compared to sporadic breast tumours, but not chromosome 16q (Bergthorsson 1995 (Bergthorsson , 1998 Ingvarsson 1998 Ingvarsson , 1999 . Similarly, there is higher LOH at chromosome 8p in BRCA2 associated tumours compared to sporadic tumours, but this chromosome region is considered to be stable (Sigbjornsdottir 2000) . Even though the information on the link between the biochemical function of the Fhit and tumour pathogenesis is limited, there is growing evidence from cell and mouse models for the role of FHIT as a tumour suppressor (Ji 1999; Sard 1999; Siprashvili 1997; Zanesi 2001) . And even though FHIT loss is associated with genomic instability, there is no data suggesting that inactivation of FHIT is causing this instability; it could equally well be a consequence of it. In most cases the reasons for genome instability in breast tumour cells are unknown. Amplifications of centrosomes have been shown to be associated with genome instability, and are detected in the early progression of breast cancer, but the cause of the centrosome amplification remains poorly understood (Lingle 2002) . Since the TP53 is considered to be the guardian of genome integrity it is not surprising that genome instability is associated with TP53 mutations. This is confirmed by some, but not all, studies (Gretarsdottir 1998; Lingle 2002; Sigurdsson 2000) . The genome instability of breast tumours in BRCA1 and BRCA2 mutation carriers is well documented, and fits well with the idea that the protein products are operating in DNA repair (Ingvarsson 1998; Tirkkonen 1997) . It has been suggested that CIN provoked by BRCA2 deficiency is the result of incorrect routing of double strand DNA break repair processing down inappropriate pathways, rather than the failure of repair per se (Tutt 2001) . Another type of genome instability, i.e. replication error or microsatellite instability, presumably due to lack of mismatch repair, which is defined better molecularly than CIN, is found only in a minority of breast tumours, less than 2%. It was concluded that this instability is a rare somatic event in the tumour progression of breast cancer (Huiping 1999b).
ABNORMALITIES OF E-CADHERIN AND LOBULAR BREAST CANCER
In a Belgian-Dutch study, more than half of lobular breast tumours show mutations in the Ecadherin gene, CDH1 (Berx 1995; Berx 1996) . Mutations of CDH1 in lobular breast cancer were confirmed in an Icelandic study (Huiping 1999a) . The mutations are distributed over the CDH1 gene, mainly in the part corresponding to the extracellular region of E-cadherin, which is responsible for cell adhesion, but also in the transmembrane domain, the intracellular part and the precursor sequence. The mutations are believed to give rise to nonfunctional proteins with corresponding lack of cell adhesion. It seems that CDH1 is behaving like a typical TSG in a large fraction of lobular breast cancer, with a double hit mechanism, i.e. mutation of one and deletion of the other copy of the gene (Huiping 1999a). The situation is different in ductal breast cancer, but several studies have shown loss of one gene copy and reduced expression of Ecadherin, which is associated with clinicopathological factors and patient survival (Huiping 1999a; Asgeirsson 2000) . Inactivation of E-cadherin expression by methylation, converting chromatin into a transcriptionally repressive state, is documented for both lobular and ductal breast cancer (Droufakou 2001; Graff 1995; Nass 2000) . It is possible that the CDH1 is de-activated by a double hit mechanism in lobular breast cancer, while haplo-insufficiency could explain the participation in the malignant progression of ductal breast cancer. This could mean that the progression of precancerous cells toward malignant ductal carcinoma is more sensitive to reduced E-cadherin activity than progression of precancerous cells towards lobular carcinoma, where complete loss is needed. The analysis of CDH1 mutations is clearly describing the molecular difference between lobular and ductal breast cancer. The difference between these two histological types of breast cancer is also detected at genome level, since most chromosomes analysed so far show higher LOH in ductal than in lobular breast cancer (Huiping 1999a) . This indicates higher CIN in ductal breast cancer than in lobular breast cancer (see earlier), with the exception of chromosome 16q22.1, where the CDH1 gene is located, as this chromosome region shows higher loss in lobular breast cancer (Huiping 1999a).
THE TP53 AND CHK2 GENES
TP53 is somatically mutated in about 25% of breast tumours and germ-line mutations have been described in the LFS, where one of the increased susceptibility disease phenotypes is breast cancer (Malkin 1990; Srivastava 1990 ). The TP53 encodes the p53 transcription factor important for cell cycle checkpoints and induction of apoptosis. One well characterized pathway in the G1 cell cycle checkpoint activation involves transcriptional activation and subsequent expression of the cyclin-dependent kinase inhibitor p21 (Fig. 1) . Upon DNA damage or other stress environment in the cell, p53 accumulates, transactivates the gene encoding the p21 inhibitory protein, and the cell halts in the G1 phase of the cell cycle. One of the known pathways of p53 induction of apoptosis is by transcriptional activation of the gene encoding Bax1, an inducer of apoptosis. Interaction of p53 with Brca1 and other proteins important for DNA repair has been reported, but functional evidence for the role of p53 in DNA repair is still limited. A feasible model is that p53 is important for blocking the cell from entering the S-phase of the cell cycle upon cell damage, and induces apoptosis if the damage is overwhelming. With failure of p53 normal function due to mutation, there is a risk of accumulation of genetic instability and mutations in additional genes.
TP53 somatic mutations have been associated with reduced survival of breast cancer patients (Borresen 1995) . The majority of TP53 mutations are missence, in contrast to mutations in several other TSGs, where the majority of mutations result in a truncated protein. Some of the TP53 mutations are dominant negative, presumably due to incompetent transcription factor, if one or more mutant copies of the protein are included in the p53 tetrameric form. About 1,400 TP53 mutations in relation to breast cancer are listed in the IARC database. The germline mutation spectrum is slightly different from the somatic pattern, in line with endogenous mutagenic processes, such as methylated cytosines or polymerase errors (Olivier 2001) . The somatic mutation spectrum of TP53 in breast tumours is similar to other cancers, with the exceptions of lower frequency of certain transversions known to be strongly associated with environmental carcinogens and higher frequency of transitions (Olivier 2001 ). Yet environmental factors seem to affect the mutation pattern of TP53 in breast cancer, based on different mutation patterns in different populations (Olivier 2001) . Furthermore, a high frequency of codon 163 mutation of the TP53 is detected in breast tumours, particularly in BRCA1 mutational background (Crook 1997 (Crook , 1998 Greenblatt 2001) . The mutation spectrum of TP53 in BRCA1 and BRCA2 carriers is different compared to sporadic tumours, which is consistent with a repair function of Brca1 and Brca2 (Greenblatt 2001). The p53 mutants are presumably selected during the malignant progression in the genetic background of BRCA1 and BRCA2 associated tumours. Somatic and germline mutations in the CHK2 gene have been described more recently in relation to breast cancer, suggesting that loss of Chk2 is functionally equivalent to TP53 mutations, while CHK2 mutation frequency is lower than TP53 mutation frequency (Bell 1999; Ingvarsson 2002; Sullivan 2002) . Germline mutations of CHK2 have been found in LiFraumeni and Li-Fraumeni-like families, and by population screening of breast cancer patients (Bell 1999; Ingvarsson 2002; Sullivan 2002) (Fig.  2) . Mutations of CHK2 in breast cancer are distributed over different domains of the gene and are mainly missence, but also truncation mutations (Fig. 2) . The germline variants of the CHK2 analysed so far by population screening seem to be low penetrance alleles conferring susceptibility to breast cancer (Ingvarsson 2002; Meijers-Heijboer 2002) . Several such susceptibility alleles have been previously suggested, but among them the CHK2 low-penetrance alleles probably show the most convincing statistical significance (Dunning 1999; Meijers-Hejboer 2002) . Populationbased analysis of the 366delC mutation, that abolishes kinase activity, indicated a 5% frequency in individuals with breast cancer, and a twofold and tenfold increased risk of breast cancer in females and males respectively (Meijers-Heijboer 2002) . Even though germline variants of the CHK2 seem to confer an increased risk of breast cancer on the background of some genotypes, they do not seem to confer increased cancer risk in BRCA1 or BRCA2 mutation carriers (Ingvarsson 2002; Meijers-Heijboer 2002) . Still, tumours in BRCA1 carriers have a relatively high frequency of somatic CHK2 mutations as well as tumours in patients with medullary carcinoma (Sullivan 2002) . This is of particular interest, since TP53 somatic mutations are also found at a high level in BRCA1 tumours (Crook 1997 (Crook , 1998 Greenblatt 2001) . These findings of somatic mutations in cell cycle checkpoint genes, like TP53 and CHK2, are in line with the theory that they increase the rate of tumorigenesis in BRCA1 associated tumours (see later).
The Chk2 is activated upon DNA damage via phosphorylation by Atm kinase (Falck 2001; Matsuoka 1998 Matsuoka , 2000 Melchionna 2000) . The targets of Chk2 phosphorylation are Brca1, Cdc25 and p53 (Blasina 1999; Chehab 2000; Falck 2001; Furnari 1999; Hirao 2000; Lee 2000; Shieh 2000) . The phosphorylation of p53 stabilizes this transcription factor (Chehab 2000; Hirao 2000; Shieh 2000) . The phosphorylation of the Cdc25 phosphatases results in their degradation or binding to 14-3-3 protein and subsequent export of Cdc25 from the nucleus to the cytoplasm (Blasina 1999; Falck 2001; Furnari 1999) . Both the stabilization of p53 and deactivation of Cdc25 due to Chk2 activation can result in braking the cell cycle (Fig. 1) .
BRCA1 AND BRCA2
BRCA1 and BRCA2 are the two major breast cancer susceptibility genes and responsible for the dominantly inherited disease (Miki 1994; Wooster 1995) . However, they only explain less than 10% of breast cancers. The majority of breast cancers are considered to be sporadic, where somatic mutations have a major role, or are due to the combined effects of low-penetrance sequence variants and genetic background. The original estimate of BRCA mutation penetrance was based on high risk families but more recent population data suggest lower penetrance, or 37% at the age of 70 years (Thorlacius 1998) .
The mechanism of inactivation in tumours is considered to be a double hit, a germ-line mutation and a somatic deletion (Smith 1992; Gudmundsson 1995b) . However, there is a lack of experimental data to clarify whether losses of the W.T. chromosomes are a prerequisite for non-or abnormal function of the proteins, or whether dominant negative or haplo-insufficient mechanisms can explain the original pathogenesis (Fan 2001) .
Since germline mutations of BRCA1 and BRCA2 are relatively frequent in relation to familial breast cancer, the rarity of somatic mutations has been regarded as surprising (Khoo 1998; Signori 2001) . This situation is different from the TP53 mutation story, where somatic mutations are relatively common and germ-line mutations are rare. Is there some prevention of the molecular mechanism leading to somatic mutations of BRCA1 and BRCA2 or do the mutations not give growth advantage for the cells? Is there a particular time frame in normal tissue maturation, after which somatic BRCA1 and BRCA2 mutations are not selected during sporadic breast tumour development, although gene silencing mechanisms and large rearrangements and deletions can influence tumour progression? Even though somatic mutations are rare in BRCA1, it is frequently deleted and expression is decreased in breast tumours, although not always by a known mechanism (Thompson 1995; Wilson 1999) . Hypermethylations at the promoter region can partly explain the BRCA1 downregulation in sporadic breast tumours (Catteau 1999; Rice 1998) .
The Brca1 and Brca2 proteins participate in the BASC (Brca1 associated genome surveillance complex). They are multifunctional proteins involved in complex protein-protein interactions, DNA repair, DNA recombination, transcription and cell cycle checkpoint control. Brca1 is phosphorylated by several kinases upon DNA damage (Borg 2001) . The factors binding to Brca1 are both specific transcriptional factors and factors involved in chromatin remodelling, suggesting both positive and negative regulation of transcription. The Brca proteins participate in homologous recombination repair. Mainly active in S and G2 phases of the cell cycle, they are essential for preserving chromosome structure, suggesting that, in their role as tumour suppressors, they behave as caretakers, suppressing genome instability. While the role of Brca1 and Brca2 in homologous recombination repair of double strand DNA breaks is well established, more work is needed to clarify whether they are regulators of cell cycle events independent of their role in DNA repair.
Molecular and pathological data suggest not only a difference between BRCA1 and BRCA2 associated tumours, but also between them and sporadic tumours. BRCA1 and BRCA2 tumours are more aggressive than sporadic tumours as indicated by S-phase, mitosis, aneuploidy, genomic instability and pathological appearance (Borg 2001 ; Breast cancer linkage consortium 1997). Other characteristics of BRCA1 tumours are low ER content, elevated lymphocyte infiltration and appearance of medullary phenotype (Marcus 1996; Johannsson 1997) . The gross genomic instability detected in BRCA1 and BRCA2 tumours fits well with their documented function in DNA repair (Ingvarsson 1998; Tirkkonen 1997) . Moreover, the chromosome aberration profiles of BRCA1 and BRCA2 tumours differ from each other and from other breast cancers, suggesting that specific genetic pathways operate in the progression of these inherited tumours (Ingvarsson 1998; Tirkkonen 1997) . A functional support of the discrimination between BRCA1, BRCA2 and sporadic breast tumours is also evident from genome-wide gene expression profiles (Hedenfalk 2002) .
It can be hypothesized that in the early stage of BRCA1 and BRCA2 pathogenesis, cells progress through a preliminary crisis phase with massive apoptosis due to accumulation of genetic changes. Further gene alterations, for instance in TP53 or CHK2, rescue the cell from this senescence phase, and progression is towards reduced apoptosis, enhanced cell growth and a fully malignant phenotype (Crook 1997; Greenblatt 2001; Sullivan 2002) . Even though p53 mutations are not as frequent in BRCA2 as in BRCA1 associated tumours, overexpression of p53 is detected, suggesting that in BRCA2 mutation carriers the p53 pathway is deregulated by some other mechanisms in addition to mutation (Crook 1998; Eiriksdottir 1998; Greenblatt 2001; Gretarsdottir 1998) . Mouse knockout experiments support the hypothesis of preliminary crisis phase, and it has been shown that inactivation of p53, or other checkpoint proteins like Bub1 and Mad3L, is of importance in tumour progression in mouse cells lacking Brca (Lee 1999). In general, there are multiple genetic changes in mammary tumours of Brca1 knockout mice, similar to those detected in human breast cancer (Brodie 2001) .
CONCLUSION
Frequent gains and losses have been detected in the genome of breast cancer cells. For most of the altered chromosome regions it remains unanswered which gene alterations are involved in the pathogenesis of breast cancer, or if some of these regions reflect only the unstable nature of the genome. Presumably there are several genes from these chromosome regions, so far not characterized, that are of importance for breast cancer pathogenesis. Although somatic changes are distributed among several genes, where frequency of single gene alterations is low, breast cancer is mainly a sporadic disease; highly penetrant alleles only explain a small fraction of breast cancer, and the role of lowpenetrance alleles in a certain genetic background remains a puzzle. Even though TP53 alterations only partly explain the malignant phenotype in the breast, and in a fraction of tumours, the mutations are well characterized and the role of p53 as a tumour suppressor is well documented. Germ-line mutations are detected in several genes, where BRCA1 and BRCA2 are the major breast cancer susceptibility genes, TP53 to a lesser extent, and germline variants of CHK2, the newest member of TSGs in breast cancer pathogenesis seem to be of low penetrance. The role of Chk2 in the malignant progression of breast should be established in the nearest future. Despite intensive efforts in the study of Brca1 and Brca2 loss of function in breast tumour pathogenesis, little is known about their role in the biology of epithelial tissues. Additional biochemical data on the biology of Fhit in relation to tumour pathogenesis would help the process of understanding its role in breast cancer progression. Further studies will doubtless elucidate new genes of interest in normal and transformed cells of the breast epithelium and reveal the function of their protein products in normal and malignant growth.
